Background: Most research points to the 4 allele of the apolipoprotein E (APOE) gene as the most recognizable genetic risk factor associated with Alzheimer's disease pathogenesis. It has been also suggested that the APOE 4 allele has a negative influence on cognitive functioning, which begins long before cognitive impairment becomes manifest. However, still, little is known about the APOE 4 interaction with cognitive intervention programs. Objective: The main goal of this study was to explore whether there was a differential APOE genotype modulation effect after cognitive training in different domains, such as language comprehension, executive functions, and memory. Contrary to other studies, hippocampal volume was controlled for. Methods: Fifty older adults (65+ years; 30 women and 20 men) participated in a multi-domain cognitive training that involved 30 sessions taking place over 12 weeks. Half of the participants were APOE 4 carriers. The control group was matched in age, gender, normalized hippocampal volume, cognitive reserve, Mini-Mental State Examination score, and Geriatric Depression Scale-Short Version. Results: The study revealed that there were consistent treatment benefits in complex sentence comprehension (noncanonical sentences and sentences with two propositions), a domain that was not directly trained, but only in the APOE 4 noncarrier group. Conclusion: Genetic profile modulates training outcomes in sentence comprehension.
INTRODUCTION
Nowadays, the study of treatments that could prevent cognitive decline is being fostered. In particular, cognitive training interventions have recently been 1 These authors contributed equally to this work. demonstrated to yield positive results [1, 2] . However, there is considerable controversy regarding this issue [3, 4] . There is scientific evidence that neuropsychological therapies in cognitively intact geriatric populations lead to improvements in various cognitive domains. For example, in a longitudinal study that used a training program in memory, reasoning, and processing speed in older adults without memory complaints, the results showed that the benefits were mainly produced in processing speed and reasoning and to a lesser extent in memory. Most importantly, the benefits persisted over two years [5, 6] . Similarly, results from follow-up publications on the ACTIVE study that have been performed for up to 10 years, have reported that training in processing speed was associated with a reduced risk of developing dementia 10 years later [7] . Other studies employing a multimodal intervention (which combines the promotion of healthy habits and cognitive training) have managed to improve or maintain cognitive functioning in older people at risk of dementia [8] . Nevertheless, in a recent systematic review and meta-analysis, Lampit and collaborators [9] found that computerized cognitive training's overall effect on cognitive performance in healthy older adults was positive but small. In addition, it was ineffective for executive functions and verbal memory. Their analysis also showed that the efficacy varied by cognitive outcome and was mainly determined by design choices, that is, group-based training was effective, but the home-based modality was not. Interestingly, training more than three times a week was found to be counterproductive.
On another hand, there is growing interest in determining how certain genetic profiles could modulate cognitive functioning. In fact, it is well known that the genetic load could account for individual differences found between brain parameters and cognitive achievement [10] . The 4 allele of the apolipoprotein E (APOE) gene is the most recognizable genetic risk factor associated with Alzheimer's disease (AD) pathogenesis [11] [12] [13] [14] . This polymorphic gene is located on chromosome 19 and has 3 allelic variants (2, 3, and 4), which encode for three protein isoforms that differ only in the substitution of one or two amino acids (cysteine or arginine) at positions 112 and 158 [15] [16] [17] . Apolipoprotein E (ApoE) isoforms have a variety of functions such as regulating brain lipid transport, neuronal signaling, glucose metabolism, neuroinflammation, and mitochondrial function [18] and they also differentially modulate the metabolism and aggregation of the amyloid-␤ peptide in the brain [19, 20] . The carriage of the APOE 4 allele has been related to an increased glial activation, oxidative stress, or neuronal injury [21] , which could result in altered brain repair mechanisms and a less effective neural protection [22] . Furthermore, ApoE 3 is the normal and most common isoform among the population, and ApoE 2 has been linked to protection against AD and has been also suggested to have a positive influence on cognitive health [23] .
As mentioned, the negative effect of the APOE 4 allele is not only confined to those suffering AD. It is also found in people with mild cognitive impairment, subjective cognitive decline, or in cognitively intact older adults. This indicates that its influence on cognitive functioning begins long before cognitive impairment becomes manifest [24] [25] [26] , even when people present a high cognitive performance profile [27] . The 4 allele has been mainly associated with impairments in episodic memory [28] [29] [30] [31] and executive functions (EF) [32, 33] . A meta-analysis that evaluated the effect of the APOE genotype on cognition also confirmed the negative effects of the 4 allele on processing speed, executive functioning, and episodic memory in old age [34] . However, in a previous meta-analysis, Small and colleagues [35] suggested that this effect was very small in that age group. In addition, studies that have taken into account both age at onset of AD and APOE 4 carriage have found that, compared to late onset 4 carriers, early onset noncarriers showed faster decline in language, attention, executive, and visuospatial functioning. In other words, patients with AD exhibit cognitive decline in non-memory cognitive domains despite not having either risk factor (i.e., old age and 4 allele carriage) [36] . In this sense, and closely related to the latter, it has been reported that the APOE 4 allele could have an antagonistic pleiotropy, such that young 4 carriers (age range 18-30 years) have shown favorable effects of this carriage status on cognitive performance [37, 38] in contrast with the development of detrimental consequences as people age [39, 40] . An example of better cognitive performance in young adults with the APOE 4 genotype is the study carried out by Stening and collaborators [41] . They found, in contrast to the results obtained by the noncarrier group, that the carriage of the APOE 4 allele had a positive impact on spatial tasks and on an episodic memory task with spatial components. However, other studies with young 4 carriers have shown no APOE genotype-dependent differences in cognitive performance [42, 43] . This all translates into a panorama of great complexity, where multiple variables (e.g., not only biological but also environmental or social factors) could be affecting the final outcome in cognitive functioning.
To our knowledge and directly related to the aim of the study, there are only a few papers examining how a risk genotype could moderate cognitive training effects, which ultimately might contribute to a beneficial or negative association with the particular condition of an individual. For example, Feng et al. [32] assessed the interaction between the long-term effects of a multi-domain cognitive training and APOE genotype on cognitive function in community-dwelling older adults of Shangai. The sample population received 24 training sessions over 12 weeks. The authors found that cognitive training reduced the decline in processing speed over time regardless of the APOE genotype. However, the carriers of the APOE 4 allele presented reductions in EF over time, although training attenuated the 4 negative effect on processing speed. In addition, they observed that APOE 2 allele carriers also benefited from training, particularly in measures of EF and verbal memory. On another hand, Polito and coworkers [44] employed 10 twice-weekly meetings to evaluate short-term efficacy of cognitive stimulation (CS) focused on a specific cognitive area that changed from session to session (executive reasoning, language-verbal fluency, semantic memory, etc.). They evaluated the influence of the APOE 4 carrier status in cognitively healthy individuals with a family history of dementia (NDFAM) and in non-demented individuals with cognitive impairment. As a result, they showed that CS was an effective treatment in cognitively healthy NDFAM (as shown in higher net gain in the Montreal Cognitive Assessment), whereas it was less effective in individuals with cognitive impairment. Moreover, they observed that the noncarriers in the cognitively healthy NDFAM group benefited from CS, as evidenced by improved cognitive performance (particularly, in visuospatial memory function), whereas the APOE 4 carriers showed no significant improvement. Finally, a study carried out by Zehnder et al. [45] measured the practice effect on cognitive performance by applying two neuropsychological assessment instruments in physically and mentally cognitively intact aged people (with a mean age of 70 years): initially at baseline and then, two years later. Their results indicated that the 4 allele of the APOE gene had a negative impact on cognitive performance, notably on episodic memory tasks (such as immediate verbal learning and delayed recall). Furthermore, practice effects seen in carriers of the APOE 4 allele were inferior in most tested areas to the effects found among the noncarriers.
The present study has an underlying hypothesis based on previous developments and considerations. In other words, the effect of cognitive training would differ depending on the APOE genotype, with allele 4 carriers showing worse outcomes (or no effect) in different cognitive domains (memory, EF, and language comprehension) than the noncarrier group.
MATERIALS AND METHODS

Participants
We selected 25 APOE 4 carriers from a larger sample of healthy older adults who voluntarily participated in a study about normal and pathological aging. All of them had a score higher than 24 points in the Mini-Mental State Examination (MMSE) [46, 47] and a score below 5 in the Yesavage Geriatric Depression Scale-Short Version (GDS-15) [48] . Then, we also selected APOE 4 noncarriers matched in gender (15 women and 10 men in both groups), age, MMSE score, GDS-15, and overall cognitive reserve (estimated by a questionnaire; see materials below). All participants were assessed in the Center for Prevention of Cognitive Impairment of Madrid-Salud, nursing homes or day centers in the city of Madrid (Spain). There were no significant group differences (APOE 4 carriers versus noncarriers) in any of the variables mentioned. Although it was not considered a criterion for participants' selection, we confirmed that there were no group differences in normalized hippocampal volume (see Table 1 for descriptive statistics related to all these variables). As APOE 4 is considered a risk factor for cardiac disease, we explored a possible group difference in the number of cardiovascular diseases. Although there were more participants with cardiovascular diseases in the group of APOE 4 carriers (n = 7) than in the noncarriers (n = 2), the difference did not reach statistical significance, χ 2 (1) = 3.38, p = 0.06.
The study complied with the ethical standards of the Declaration of Helsinki and was approved by the local ethics committees of the participant institutions. 
Normalized hippocampal volume
A General Electric 1.5 Tesla magnetic resonance scanner was employed to acquire a T1-weighted image for each participant. A high-resolution antenna and a homogenization PURE filter (Fast Spoiled Gradient Echo sequence, TR/TE/TI = 11.2/4.2/450 ms; flip angle 12 • ; 1 mm slice thickness, 256 × 256 matrix and FOV 25 cm) were used. MRI images were processed with Freesurfer software (version 5.1.0) and its specialized tool for automated cortical and subcortical segmentation [49] . Hippocampal volumes were selected to match both groups. Hippocampal volume values were normalized with respect to the overall intracranial volume to account for differences in head volume across participants.
APOE genotyping
Genomic DNA was extracted from 10 ml blood samples in ethylenediaminetetraacetic acid (EDTA) of cognitively intact older participants. APOE haplotype was determined by analyzing single nucleotide polymorphisms (SNPs) rs7412 and rs429358 genotypes with TaqMan assays, using an Applied Biosystems 7900 HT Fast Real Time PCR machine (Applied Biosystems, Foster City, CA). A genotyping call rate over 90% per plate, sample controls for each genotype, and negative sample controls were included in each assay. Three well-differentiated genotyping clusters for each SNP were required to validate results. Intra-and interplate duplicates of several DNA samples were included. Each session lasted 90 min and was structured with its objectives, materials, and specific activities. The training was organized in groups of 14-16 people. The program was divided into four training areas: (1) cognitive stimulation; (2) memory concepts; (3) management of forgetting everyday experiences; and (4) meta-memory training.
Cognitive training program: UMAM
Design
An extensive neuropsychological assessment (see Materials subsection below) of each participant was conducted at two moments: one at the beginning, immediately after recruitment (baseline: t 0 ), and six months later (endpoint: t 1 ). Once a participant decided to voluntarily participate in the study she/he was randomly assigned to one of the two conditions of cognitive training: immediate (between baseline and endpoint assessment, i.e., t 0 and t 1 ) or delayed (training after the endpoint assessment, i.e., after t 1 ). Thus, this study has a mixed factorial design, with genetic profile and cognitive training as between-subject variables, and the assessment time (baseline, endpoint) as the intra-subject variable.
Materials
In order to establish the participants' cognitive status, they all underwent a neuropsychological assessment of three cognitive domains: memory, EF, and sentence reading comprehension. Memory was assessed with the Logical Memory and Word List from the Wechsler Memory Scale-III (WMS-III Spanish version; Wechsler, 2004) [51] , and EF were assessed by the Stroop test [52] .
The ECCO Senior test (Exploración Cognitiva de la Comprensión de Oraciones) [English translation: Cognitive Assessment of Sentence Comprehension], developed by López-Higes, Rubio, Martín-Aragoneses, Del Río, and Mejuto [53] , was used to assess grammatical reading comprehension. This test evaluates the thematic role assignment process (who did what to whom) through a simple verification task involving 36 sentence-picture pairs (visually presented) that are either congruent or incongruent. Incongruent items are syntactic or lexical foils. In syntactic foils (see Illustration 1), thematic roles are reversed in the picture with respect to the sentence statements, unlike in lexical foils (see Illustration 2), where there is a change in the picture with regard to an action, a person, or an object included in the sentence. Each type of sentence has specific features in two dimensions: propositional density (1 or 2 propositions) and syntactic complexity (defined by their matching the canonical word order in Spanish: canonical versus non-canonical sentences). Most Spanish sentences follow the canonical Subject-Verb-Object word order, so that the word located in the initial position has the greatest prominence as an argument and receives the thematic role of the agent. However, in Spanish, as in other languages, the linear position of the constituents can vary depending on discursive and contextual factors, as in passive sentences, where the correspondence between the linear order of words and the assignment of thematic roles is different from that of the canonical Subject-Verb-Object order.
Finally, to estimate cognitive reserve, participants completed the Cognitive Reserve Questionnaire (CRQ) [54] . The CRQ consists of 8 items that measure various aspects of the participants' intellectual activity: education, attainment of training courses, parents' education, lifetime occupation, musical training, and knowledge of languages. The CRQ also asks participants how often they carry out activities such as reading and practicing intellectual games (puzzles and chess).
Procedure
Participants' neuropsychological assessment was conducted at two moments, one at the beginning, immediately after recruitment (baseline: t 0 ), and then six months after that (endpoint: t 1 ) by an experienced psychologist or psychiatrist in the Center for the Prevention of Cognitive Impairment of Madrid-Salud. Regarding the baseline phase, in the first session, participants completed the screening tests (MMSE, GDS-15), as well as the CRQ. In this session, participants were informed about the main goals of the study and signed an informed consent document. All the remaining neuropsychological and cognitive tests were carried out in two additional sessions, each lasting approximately 50 min. Although there was a block of tests for each session, the order of presentation of the tests was randomized in each session. Neuropsychological tests were administered and scored following the standard instructions provided in the users' manuals. At the endpoint, the same set of neuropsychological tests administered at baseline was used again to assess participants' performance in the same cognitive domains (memory, executive functions, and sentence comprehension).
Participant flow diagram
In order to clarify all the details regarding total sample recruitment, baseline assessment, random assignment to a training group, the UMAM program intervention, the endpoint measure, and the inclusion criteria finally used to select the 50 participants enrolled in the present study, we present the following flow chart (Fig. 1) .
Statistical analysis
In the ECCO-Senior test sentence comprehension task, we obtained only two dependent measures (the number of correct responses) before analysis: (1) noncanonical sentences (NoCS) and (2) sentences with two propositions or verbs (S2P). We computed the interference index proposed by Chafetz and Matthews [55] for the Stroop test.
The following primary dependent measures were selected for the study: Word List (WL) and Logical Memory (LM) performance in the delayed recall condition (WMS-III Spanish version), the Stroop interference index, participants' performance in NoCS and S2P from the ECCO-Senior test, and the GDS-15 score.
A mixed linear model (MLM) approach was used to test main effects of Genetic Profile (APOE 4 carriers versus noncarriers), Cognitive Training (immediate versus delayed), and their interactions. An additional (repeated measures) factor coding Assessment Time (baseline versus endpoint) was introduced to account for effects attributable to cognitive training. MLMs have been previously recommended, as they can better account for individual variability in repeated measurements over time and, relative to other analytical methods, they also handle missing data more appropriately [56] . Our main goal was to explore a possible differential APOE genotype modulation effect of cognitive training benefits on memory, EF, and sentence comprehension. Thus, separate MLMs were estimated for each dependent variable, using IBM SPSS 20.0. In case of a significant interaction among the three previously mentioned factors (Genetic Profile × Cognitive Training × Assessment Time), the only relevant pairwise comparison would be that involving APOE 4 carriers and noncarriers with immediate training, since it is the main goal of the study. However, in addition we computed all post-hoc comparisons with the SPSS Generalized Linear Model procedure, simply using the difference between t1 (endpoint) and t0 (baseline) in the corresponding dependent variable for a specific condition (Genetic Profile × Cognitive Training) under consideration. We used the Bonferroni test, based on Student's t-statistic, which corrects the level of significance observed by the fact that multiple comparisons are made. Effect sizes were estimated by means of partial eta-square ( 2 p ). Table 2 shows descriptive statistics for each dependent measure by condition (Genetic Profile × Cognitive Training) at baseline (t 0 ) and endpoint (t 1 ). Fig. 1 . Flow chart showing all phases in the global study. The flow chart shows the general inclusion criteria for the 200 participants enrolled in the research project and how the selection of the 50 participants was carried out for the present study considering their APOE ε4 genotype. All of them were given two neuropsychological assessments: the first one at the baseline (0 months) and the second one at the endpoint (6 months). The UMAM cognitive training program was also applied to two different groups and in two different times: between the baseline and the endpoint period where both neuropsychological assessments took place (immediate group) and beyond the endpoint (delayed group). 
RESULTS
APOE ε4 modulation of training outcomes in memory and EF selected measures
Regarding results obtained for dependent memory measures, the analysis revealed that the only factor that had an effect on participants' performance in WL and LM was Assessment Time (see Table 3 ). Memory measures were higher in t 1 than in t 0 (with the exception of one condition in which they were almost equal).
With respect to the Stroop interference index (see Table 3 ) the results pointed out that APOE 4 noncarriers had greater inhibition control than the carriers, but no other effect reached statistical significance.
APOE ε4 modulation of training outcomes in language comprehension
In ECCO's noncanonical sentences, the analysis revealed that there was a significant main effect of Assessment Time, as well as a significant interaction between Genetic Profile × Cognitive Training × Assessment Time (see Table 4 ). Post-hoc comparison between APOE 4 carriers and noncarriers who had received immediate cognitive training did not reach statistical significance. Neither of remaining pairwise comparisons were significant. In sentences with two propositions, there was also a significant main effect of Assessment Time and a significant interaction among the three factors (see Table 4 ). Post hoc comparisons between conditions of interest (i.e., APOE 4 carriers and noncarriers who had received immediate cognitive training), showed that there was a benefit in APOE 4 noncarriers in sentence comprehension scores after training, whereas in the carriers, t 1 -t 0 differences were close to zero 
Could APOE 4 be related to training outcomes in mood?
Considering that some authors have reported apparent collateral benefits of cognitive training programs in mood, we also explored the possible modulation effect of APOE 4 carriage on training outcomes in this domain. When GDS-15 scores were considered, there was a main effect of assessment time, an interaction between Genetic Profile and Assessment Time, and finally, a significant interaction among the three variables included in the analysis (see Table 5 ). As in the previous subsection, we computed a planned post-hoc comparison between APOE 4 carriers and noncarriers who had received immediate cognitive training. Results revealed a positive effect of cognitive training on GDS-15 scores in the group of APOE 4 noncarriers (negative difference) and differences close to zero 
DISCUSSION
In this study, we examined in a sample of cognitively intact older adults whether cognitive training benefits may be modulated by the carriage of the APOE 4 allele, the most important genetic risk factor for late-onset AD. For this purpose, several cognitive domains such as memory performance, EF, and language comprehension were differentially explored.
Regarding the effects of genetic profile on cognitive training outcomes in the domain of memory, the results obtained revealed that this factor did not modulate training benefits in any of the memory measures considered in the study. Thus, the UMAM program was not efficacious in the delayed recall measures in either of the two groups assessed (APOE 4 carriers and noncarriers). This contradicts a number of studies that have shown the benefits of cognitive training in memory. In fact, the possibility of memory empowerment and compensation observed in several studies [57] has served as a justification for the training programs and cognitive interventions developed in recent years [58] . For example, Novoa et al. [59] found a positive effect on immediate and delayed memory in 8 of the 9 studies they reviewed. Actually, most of these studies applied a similar length of their groups' training sessions as the ones that we administered in the UMAM cognitive training program (i.e., one and a half hour each). Additionally, Martin and colleagues [3] conducted a systematic review of the cognitive training intervention effects on various cognitive functioning domains (i.e., memory, EF, attention, and processing speed), finding that, versus a non-treatment control condition, cognitively intact older adults receiving cognitive training significantly improved their immediate and delayed verbal recall scores. Our results also contradict those obtained by Zehnder et al. [45] , which indicated that practice effects in APOE 4 allele carriers were inferior in most tested areas compared to the effects found in the noncarriers, especially in episodic memory functions (immediate verbal learning and delayed recall).
With respect to the Stroop interference index, the results simply showed a main global effect of genetic profile. This means that APOE 4 noncarriers had greater inhibition efficacy than APOE 4 carriers, but this factor did not modulate the cognitive training effects. Accordingly, our pattern of results in memory and EF measures altogether contrast with other previous studies showing cognitive training benefits in these domains. For example, in their systematic review and meta-analysis, Kelly et al. [60] explored the impact of cognitive training and mental stimulation on the cognitive and everyday functioning of cognitively intact older adults. Their meta-analysis outcomes revealed that, compared to active controls, training improved cognitively intact older adults' performance on measures of EF (i.e., working memory, processing speed, and composite measures of cognitive function) and memory (i.e., face-name recall, immediate recall, paired associates), but only when comparison was made to the non-intervention condition; and finally, cognitive training also contributed to improve their subjective cognitive function.
However, our findings regarding this issue (i.e., the memory and EF domains) are more in line with the results presented by Lampit and co-workers in their meta-analysis [9] , which have already been briefly described in the introduction. The lack of finding analogous results according to much of the literature on this topic could be due to the fact that, in our study, all participants (APOE 4 carriers and noncarriers) were independent older adults with no signs of cognitive deterioration or depression and they were matched in different key variables, such as, for example, hippocampal volume. Bearing these considerations in mind, it was more difficult to find group differences than in other studies where the groups were less evenly matched.
On another hand, in relation to the sentence comprehension test (ECCO-Senior) outcomes, we observed significant differences between the endpoint and the baseline measures in sentences with two propositions, but only in the group of noncarriers who received immediate training (reaching a low-moderate effect size). On the contrary, APOE 4 carriers with immediate cognitive training did not exhibit any positive effect of treatment on this domain. This means that cognitive training did not produce any benefit for APOE 4 carriers in sentence comprehension. The triple interaction Genetic Profile × Cognitive Training × Assessment Time explained 12% of the total variance of participants' performance in complex sentences. As we mentioned in the results, we have observed a positive effect of cognitive training on S2P's comprehension scores but restricted to noncarriers, that is, a significant improvement from t 0 (baseline) to t 1 (endpoint) in those older adults having immediate training in comparison with peers with delayed training.
To our knowledge, the present study is the first one to report the influence of APOE 4 carriage status on the efficacy of cognitive training in healthy older individuals' sentence comprehension, measured as a gain in simple picture-sentence verification performance. Interestingly, the UMAM program was not explicitly designed to improve language comprehension in older citizens but our results indicate that it produces benefits in this domain, which was not assumed to be directly trained. This result contrasts with some evidence reported in reviews like the one conducted by Novoa et al. [59] , in which no pattern of results was found suggesting transference from one domain to another. Specifically, working memory and attentional/interference control tasks have been utilized in training studies, as they constrain higher order cognitive functioning [61] . These tasks can predict success in other tasks, ranging from reading comprehension [62] to reasoning and problem-solving [63] [64] [65] . In this sense, the study conducted by Jaeggi et al. [66] revealed that working memory training (which engages executive processes such as inhibition control, monitoring, updating, and dual-task management) led to transfer, improving measures of fluid intelligence. However, several other studies have failed to find transfer [67, 68] , which suggests controversy about this issue. Regarding the language comprehension results, the UMAM program includes activities related to vocabulary, reading texts, and following instructions, which are all closely related to written language comprehension. This intrinsic feature can lead to positive training outcomes associated with sentence comprehension skills. For example, the UMAM program includes the PQRST method (Preview + Question + Read + Self-recitation + Test) [69, 70] to work with texts. So, it might be hypothesized that this procedure, which implies an active reading strategy, could have had a positive effect on sentence comprehension.
It should also be noted that we observed an unintended effect on cognitive training outcomes in older peoples' scores on the GDS-15 related to the genetic profile modulation. Our results showed that a significant reduction at the endpoint in this test was only confirmed in the group of APOE 4 noncarriers who received cognitive training immediately (the post-hoc contrast reached a moderate effect size). In this case, the triple interaction Genetic Profile × Cognitive Training × Assessment Time explained about 12% of the total variance of participants' scores on the GDS-15. APOE 4 carriers did not show any benefit from training in this domain. These findings are completely consistent with those recently obtained by Hill et al. [71] . However, considering that this scale is mainly used for screening, we must be cautious when interpreting this collateral training effect on mood, as all subjects had normal scores on the GDS-15 (that is, between 0 and 5). Therefore, future research should assess mood and psychological well-being using the most appropriate scales for this purpose, and always considering the modulating effect of social support.
In conclusion, the present study revealed that the genetic profile modulates cognitive training outcomes in complex sentence comprehension, and possibly, in mood, two domains that were not directly trained or included as specific goals of the administered cognitive intervention program.
Limitations and future directions
The evidence presented here highlights the importance of public policies directed at keeping cognitively intact older adults mentally active through specific training programs.
However, our sample was somewhat small, although the groups were quite restrictively matched in different variables, such as hippocampal volume. As it has been shown that carriers of the APOE 4 allele are more susceptible to presenting reductions in this cerebral region [72] [73] [74] [75] , the genetic profile differences found in our study could be more exclusively confined to the cognitive training effects. This would support the notion that some populations with certain positive characteristics could benefit from cognitive training despite being at-risk carriers for a given gene. Moreover, our APOE 4 carrier group might be considered as a prodomic AD sample, although they did not suffer memory or global cognitive loss at the time of evaluation. Another possible limitation of the study is related to the fact that we only studied the impact of a single, isolated gene. There is currently increasing focus on the interaction among genes. In this sense, it has been shown that multiple genetic influences and cognitive outcomes may more accurately predict cognitive performance-or impairment-than the effect of a single, isolated gene. For example, besides the APOE gene, the catechol-O-methyl transferase (COMT) or the brain-derived neurotrophic factor (BDNF) have been linked to cognitive decline or to abilities that could contribute to this synergistic effect [76] [77] [78] [79] [80] [81] . In addition, not just the interaction among genes should be considered, but also their possible antagonistic pleiotropic effect throughout the lifespan [37] [38] [39] [40] . All of this raises environmental influence as a modulation of gene expression and the need to carry out longitudinal studies in order to better understand the genetic implications in cognitive abilities in old age, as well as across the entire lifecycle.
In addition, as we have pointed out in the discussion section, the UMAM program includes activities related to reading comprehension. So, in this sense, benefits of training in the language domain could be considered near transfer effects. Nevertheless, the absence of training benefits on memory or executive functions should be controversial. That is why future studies also have to explore in which conditions those domains might be strong and positively influenced by cognitive training.
On the other hand, our results could have a tentative explanation if one considers that APOE 4 carriers have a specific cognitive profile characterized by a greater neural activation (as happens in older adults with subjective cognitive decline; see for example [82] ), in order to compensate their incipient cognitive problems. As mentioned in the introduction, this greater neural activation could be due to the negative effects that the APOE 4 carriage seems to produce in the brain (e.g., increased glial activation, oxidative stress, or neuronal injury [21] ), which could result in altered brain repair mechanisms and in a less effective neural protection. Thus, those carriers of the APOE 4 allele could possibly need to recruit additional neural networks or resources to give response to task demands involved in their daily lives. This would be made for the purpose of balancing this hypothetical brain disruption, although sometimes this over-activation of the brain circuitry could still remain ineffective [83, 84] . In other words, we hypothesize that despite the greater neural activation that the APOE 4 allele carriers could suffer to cope with task demands, they are not able to benefit themselves from cognitive training. Regarding the APOE 4 noncarriers, an extra recruitment of additional or alternative neural networks would not be necessarily required since it is assumed that they would not present "the same brain damages" as the ones attributed to the carrier group. On the contrary, they have obtained positive results from the cognitive training intervention which could be also presumable to produce neural network reorganizations or even new connections. However, we are not able to elucidate why despite training several cognitive domains (e.g., memory, executive functioning, etc.), the APOE genotype modulation has been mainly restricted to the sentence comprehension area. In any case, we should bear in mind that this is only a speculative explanation on how the APOE 4 allele could modulate the intervention effects and this might be another line of future research which could also be supported by neuroimaging tests.
In summary, future studies should promote the inclusion of all of these aspects, which may contribute to the improvement of our comprehension on how genetic mechanisms interact with cognitive processes. All of this has the ultimate goal of determining how to use this knowledge to conduct for example, more appropriate cognitive neurorehabilitation therapies.
